Abstract -This paper analyzes the effect of voltage sag on distribution systems due to the connection of Electric Vehicles (EVs). In order to study the impact of the voltage sag on the power system, two scenarios have been selected in this paper. The distribution system and EVs are modeled using the Electro Magnetic Transients Program (EMTP). The numbers of EVs are predicted based on the number of vehicles in distribution system of Seoul. In addition, the number of EVs is set up using realtime traffic in Seoul to simulate Scenario I and II. The simulation results show that voltage sag can occur if the distribution system has more than 30% of the total number of vehicles.
Introduction
To work on solving the global warming problem, countries have enacted policies for reducing carbon dioxide through the Kyoto Protocol in 1997 and the Copenhagen Climate Change Conference in 2009. Accordingly, the need for environmentally-friendly paradigm changes is on the rise. With the concerns of low-carbon green growth, global environmental problems, and fossil fuel shortages, public interests in electric vehicles such as Electric Vehicles (EVs), Plug-in Hybrid Electric Vehicles (PHEVs), and Hybrid Electric Vehicles (HEVs) are increasing. If unprecedented numbers of EVs are connected to the local power systems, it could result in the deterioration of the power quality, overload, and other system issues. Therefore, the impact of EVs on the distribution system should be analyzed.
Most of previous studies analyzed voltage sag according to the number of EVs. Also, it focused primarily on determining whether the existing or planned generation capacity will be sufficient to supply enough power to meet demand result by EV charging [1] [2] [3] [4] . Similar studies are found in [5] [6] [7] [8] [9] . However, these studies do not consider real conditions such as actual traffic volume, actual distribution system etc. for the charging of EVs.
In this paper, the effects of voltage sag on the distribution system caused by the connection of EVs are analyzed by the real-time traffic volume consideration in South Korea and the number of electric vehicles. Therefore, this paper is more realistic then previous paper. In section 2, the EV models such as chargers of EVs and batteries are discussed. Two scenarios are described in section 3; Scenario I assumes a uniform charging scenario in which a constant number of EVs are connected to the distribution system in the charging time, and scenario II assumes that the number of charging EVs changes according to real time traffic volume in the charging time. In section 4, we explain realistic simulation conditions. In section 5, the modeling of South Korea Electric Power Corporation`s (KEPCO) distribution system is discussed. Various simulations for each scenario are performed, and the simulation results are analyzed. Finally, the conclusions derived from our work are discussed in section 6.
Modeling of the Electric Vehicle

PWM AC/DC converter
The electric charger for an EV is modeled by using the EMTP [10] . The PWM converter consists of an input resistor, inductor, switches, anti-parallel diodes, and a DC link capacitor for the stabilization of the output voltage [11] [12] .
Lithium-ion battery
In this paper, a lithium-ion battery is used for the EV because this battery is very promising and it increases the driving range up to 322 or even 483km [13] [14] [15] . The lithium-ion battery for an EV is modeled by using EMTP [16] .
Fig. 1. Electric Vehicle Models
Scenarios
Flow chart for scenario design
This section explains the flow chart of scenario design by using real-data. Fig. 2 shows the flow chart for the designed scenario. As shown in Fig. 2 , it is comprised of a total of 8 steps.
Through the above process, it is possible the create scenario for charging EVs. Therefore, the applied method has been restructured to fit the reality of South Korea by using plans to increase South Korean EVs and traffic volume. In this paper, two scenarios were set up to analyze the impact of EVs on the grid. As shown in Fig. 3 and 4 , some parameters, such as the number of EVs and electricity consumption are used in scenario I and II. However, there is only one different parameter, which is the simultaneous charging rate. Scenario I has a simultaneous charging rate of 20%, and scenario II depends on the actual traffic volume, where the simultaneous charging rate varies hourly.
Scenario I
Scenario I assumes the uniform charging after the close of office hours, where office hours are ranging from 7:00 a.m. to 6:00p.m. according to the transport and maritime statistics annual report from 2011 in MLTM [18] .
It was presumed to last over one hour (the average commute time is 45 minutes), after which the vehicle will immediately begin charging at home. It is also assumed that each EV is charged for a total of 11 hours from 7:00p.m. to 6:00a.m. In this scenario, the total battery capacity of 24.4kWh is the same for both compact vehicles and midsize vehicles [19] , and it assumes that the EVs are used for commuting only. Fig. 3 shows the flow chart of scenario I. It decides the battery capacity, the number of EVs, and the connection time for the EVs, and then runs the simulation using the EMTP program. In this paper, we used a 5.7p6 version of EMTP that allows large-capacity simulations. Previous versions of EMTP limit the number of switches. Therefore, many EVs which require switches for connection cannot be allowed in the program.
The number of charging EV in scenario I
The simultaneous charging rate for scenario I is 20% according to reference [17] . The charging starting time of the EVs does not depend on the total number of vehicles in the hourly volume of traffic. Therefore it is set by uniform charging system. Table 4 in Appendix shows the charging of 10% of the number of EVs according to scenario I and II.
In the cases of 15%, 20%, and 30% of the total number of vehicles, the number of vehicles charging can be obtained 
Scenario II
Scenario II has the same settings as scenario I in terms of the battery capacity and the number of EVs. However, scenario II has a different set point for the simultaneous charging rate.
According to the volume of traffic, the simultaneous charging rate of scenario II varies hourly. Fig. 4 shows the flow chart for scenario II, which is the same as the flow chart for scenario I, but with a different connection time. The simultaneous charging rate, which depends on the volume of traffic, is applied to scenario II. Hence, the number of charging EVs during per hour changes according to the volume of traffic. The opening rate of the number of recharging vehicles according to the volume of traffic is shown in Table 1 [17] . Opening rate means the ratio of EVs that start charging. The meaning of recharging vehicles is the number of changing EVs.
(%) 100
where, V c : The number of EVs which are start charging V t : The total number of EVs 
The number of charging EV in scenario II
In this paper, scenario II assumes the charging start time according to hourly traffic. In scenario II, the number of EVs at each charging initiation time is calculated in Table 1 . Table 4 in Appendix shows charging rates when 10% of the numbers of vehicles are EVs according to Scenario II in parentheses. In the cases in which 15%, 20%, and 30% of the total number of vehicles are EVs, the number of vehicles charging can be obtained in the manner described above. The simultaneous charging rate and the number of EVs that are charged hourly in the cases in which 15%, 20%, and 30% of the total number of vehicles are EVs can be obtained in the manner described in Section 3.3.
Results of the number of charging EV
The numbers of EVs, according to the scenario, are connected to the connecting point of Fig 
Simulation Condition Considering Domestic Data
Determination of the number of electric vehicles
According to the Vehicle Care Status of the MLTM (Ministry of Land, Transport and Maritime Affairs) in December 2011, the numbers of vehicles registered in South Korea. Table 2 shows the numbers of vehicles in South Korea and Seoul [20] [21] .
South Korea has a plan for supplying EVs and implementation strategies, which was established in 2010, and the plan is divided into three cases as follows: 1) 10% of total compact vehicles in South Korea: 152,000 units 2) 10% of total compact and intermediate vehicles in South Korea: 1,000,000 units 3) Electric vehicles: 1,080,000 units
The South Korean government set up the diffusion of EVs of one million, which is 10% of the production goal for compact and intermediate vehicles [17] . Accordingly, this study sets up the number of EVs of X S/S ~ Z D/Lin Seoul, and electric vehicle of the X S/S ~ Z D/L is 896 units. X S/S refers to "X Substation" and Z D/L refers to "Z Distribution Line". In addition, X S/S and Z D/L are the names of actual distribution system of KEPCO (Korea Electric Power Corporation). 
Capacity of electric vehicle battery
Vehicles in South Korea that run on fossil fuels are segregated according to the size of the displacement (CC: Cubic Centimeter). There is no standard for the classification of EVs. Hence, the EVs are classified after the fossil fuel vehicles are examined [19] . Table 3 shows a comparison of the capacities of EVs and fossil fuel vehicles. Only the compact vehicles and midsize vehicles are separated, because the South Korean government is set to produce 1,000,000 vehicles until 2020, which was 10% of the compact and intermediate vehicles in 2011.
Consumption of EV battery capacity
This calculation shows the capacity consumption of EVs considering the average distances driven by automobiles that use fossil fuels. The daily average mileage of an EV is set to 40km [22] . The EV battery power consumption is 6.2kWh [17] . We can assume that this power energy can be charged completely within 2 hours when we set the home charger capacity to 3.3kW. 
System model
In this paper, the modeled distribution system is shown in Fig.7 in Appendix. The total active load is 28.6MW, and the reactive load is 13.9Mvar. Overhead ground wire and distribution wire are modeled by using LCC (Line Cable Constant) device of EMTP. The "X S/S Y D/L" section in the upper portion is designated as Part 1 and the "X S/S Z D/L" section in the lower portion is designated as Part 2. There are 24 three-phase loads in the system [23] . Applied distribution system in this paper has a Part1 and Part 2. However, in this paper, the simulation was carried out by considering only Part 2 because simulated conditions are actual conditions corresponding to the area Part 2. In order to analyze the effect on distribution system due to EVs charging, we set the point A and B as charging point. Therefore, in order to consider the worst condition, we choose the B position which has the most amount of load. In otherwise, we also choose the A position which has the least amount of load to consider inverse situation. Also, in order to choose a place where it is possible to charge a large amount at one point, the EVs are connected at one point. In this paper, these places are assumed as supermarkets, parking lots, and airport parking space. 
Voltage drop analysis method
General analysis for voltage drop uses the increase of the number of EVs [24] [25] [26] . Therefore, we can find that the value of voltage sag changes according to the increased impedance in eq.2 [27] .
where, V is pre-event voltage, Z S is existing load and Z D is adding load. Subsequently, when the number of charging EVs increases, we can see that the value of voltage drop increases as well. ☞ Our new contributions are as follows; Impedance Z D of existing analysis increases in ascending order, because existing analysis do not consider real conditions of charging of EVs. However, impedance Z D used in this paper is decided according to the number of charging EVs ba sed on scenario, and fluctuates according to real conditions such as Real-Time Traffic, battery capacity and the number of EVs.
Simulation results
Voltage Sag is a short duration reduction in RMS voltage.
A voltage sag happen when the RMS voltage drops below 90% for longer than 0.5~30cycles. Therefore, voltage sag in Fig. 6~8 is measured according to reference [28] . Table 5 in Appendix shows the simulation results of scenario I. Fig. 7 shows the plots from Table 5 in Appendix. In this result, because the simulated conditions of scenario I use a uniform charging from 7:00p.m. to 6:00a.m., all values have the same p.u. for voltage. However in this case, it is within the allowed range of IEEE and the South Korean Standard [28] [29] . When 30% EVs of the total number of vehicles are connected to the power system, the results are barely within the allowed acceptable range. Table 6 in Appendix shows the simulation results of scenario II. Fig. 8 shows the plots from Table 6 However when it is 20% or 30%, voltage sag occurs at certain points. In the cases of 20% and 30% penetration level, the results do not satisfy the acceptable range of IEEE and the South Korean standard from 9p.m. ~ 11p.m. First, in the cases of 20% penetration level, the voltage sag occur during 9p.m. ~ 11p.m. in Table 6 , when the number of opening rate of recharging vehicle is the highest.
Simulation results in scenario I
Simulation Results in Scenario II
The voltage sag that occurs at this point is lower than the IEEE and the South Korean standard [28] [29] , which is 0.9p.u., by 0.0047p.u. at point A, and by 0.0048p.u. at point B. In addition, when EVs are 30% of the total number of vehicles, voltage sag occurs from 8p.m. to 11p.m. for three hours, when the number of EVs being charged is the highest. The largest voltage drop that occurs at this point is lower than the IEEE and the South Korea standard, which is 0.9p.u., by 0.0473p.u. at point A, and by 0.0483p.u. at point B. In particular, the voltage sag is very serious in case of the EVs are 30% of the total number of vehicles and are connected to the power system, as shown in Table 6 . 
Conclusion
This paper confirms the effects of voltage sag on the distribution system when EVs are connected. The numbers of EVs are determined by considering the actual traffic volumes and scenarios that are appropriate to the setting of South Korea. By using traffic data of South Korea, the simulation conditions are set to meet real conditions of South Korea in order to set up the simultaneous charging rate and to initiate the charging of EVs. From the simulation results of scenario I, the voltage drop appears uniformly from 8:00p.m. to 4:00a.m. when vehicles are uniformly charged. The voltage drops are all included within the acceptable range of IEEE and the South Korean standard. In scenario II, the voltage is lowest when the simultaneous charging rate is the highest from 8:00p.m. to 11:00p.m. In the cases in which the EVs are considered to be 10% and 15% of the total number of vehicles, the voltage is within the allowed range of IEEE and the South Korean standard. However, in the cases in which the EVs are considered to be 20% and 30% of the total number of vehicles, the voltage drop does not satisfy the acceptable range of IEEE and the South Korean standard. With these tendencies, it could be concluded that as the popularity of EVs in South Korea continues to rise, appropriate measures need to be taken to prepare for these changes in charging distribution during high initiation time. Moreover, as shown above, we can find that voltage drop that deviates from the IEEE and the South Korean standard occurs at 20% and 30%. Thus, in the future, solution has to be provided to improve the power quality when the number of EVs connected to distribution system. Further research on the solution to power quality improvement will be continued the basis of this research. (21) 20 (21) 20 (19) 20 (10) 20 (8) 19.6(7) 9.6(3) 
